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Searching for non-standard neutrino interactions, as a means for discovering physics beyond the
Standard Model, has one of the key goals of dedicated neutrino experiments, current and future.
We demonstrate here that much of the parameter space accessible to such experiments is already
ruled out by the RUN II data of the Large Hadron Collider experiment.
Precision measurements of the neutrino mixing param-
eters, made over the past few decades has significantly
shortened the list of unanswered questions in the stan-
dard scenario to just the issues of the neutrino mass hier-
archy i.e., sign(δm231), the CP phase and the correct oc-
tant for the mixing angle θ23. While the simplest way to
generate neutrino masses is to add right handed neutrino
fields to the Standard Model (SM) particle content, it is
hard to explain their extreme smallness. Several scenar-
ios going beyond the SM have been proposed to this end,
often tying up with other unanswered questions such as
(electroweak) leptogenesis [1, 2], neutrino magnetic mo-
ments [3–6], neutrino condensate as dark energy [7, 8].
An agnostic alternative is to add dimension-five terms
consistent with the symmetries and particle content of
the SM, which naturally leads to desired tiny Majorana
masses for the left-handed neutrinos. Irrespective of the
approach, once new physics is invoked to explain the non-
zero neutrino masses, it is unnatural to exclude the pos-
sibility of non-standard interactions (NSI) as well. In-
deed, NSI has been studied in the context of atmospheric
neutrinos [9–14], CPT violation [15, 16], violation of the
equivalence principle [13], large extra dimension mod-
els [17] , sterile neutrinos [18–20] and collider experiments
[21–24].
At sufficiently low energies, a wide class of new physics
scenarios can be parameterised, in a model indepen-
dent way, through the use of effective four-fermion in-
teraction terms. While these, in general, would incor-
porate both charged-current (CC) and neutral-current
(NC) interactions, we shall confine ourselves largely to
the latter (coming back to the former only later). The
dimension-6 neutrino-quark interactions can, then, be ex-
pressed, in terms of the chirality projection operators
PX (X = L,R), as
L4 = −2
√
2GF 
qX
αβ (qγµPXq) (ναγ
µPLνβ) +H.c., (1)
where α, β denote the neutrino flavours, q is a quark field,
and qXαβ are arbitrary constants, presumably ∼<O(10−2).
It should be noted that flavour-changing currents are al-
lowed at the neutrino-end but not for the quarks, with
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this restriction being imposed to evade the strong bounds
from decays such as K → piνν or B → Kνν. While this
might seem an unnatural choice (note also that analogous
currents involving the charged leptons would, typically,
be subjected to even stronger constraints), the inclusion
of such flavour-changing neutrino currents is not crucial
to the main import of this paper.
Neutrino oscillation experiments can probe such NSI
by exploiting the interference with the SM amplitude,
with the NC interactions altering the refractive index, as
evinced by the far detectors. The excellent agreement
of data with the standard flavour conversion paradigm
implies that reasonably strong constraints are already in
place with these slated to improve considerably in the
next-generation experiments.
At the LHC, operators as in eq.(1) would lead to a
change in the rates for final states comprising a hard jet
and missing energy. For q = u, d, this would be domi-
nated by parton-level processes such as q+ g → q+ν+ν
and q + q → g + ν + ν. With the (anti-)neutrinos going
undetected, different choices of α, β would lead to essen-
tially the same observables, and are, hence, indistinguish-
able from each other. While the aforementioned subpro-
cesses dominate at the partonic level, the detector could
also register multiple jets (with missing energy) accru-
ing from initial and final state radiations, hadronization
etc. Indeed, such processes have been studied extensively
[25–28] as a search tool for new physics scenarios such as
supersymmetry, extra dimensions as well as generic Dark
Matter models.
To generate events at the LHC, we have incorpo-
rated the 4-fermi operators (of eq.(1)) in FeynRules
(v2.3.13) [29, 30] to generate model files for Mad-
Graph5 aMC@NLO (v2.2.1) [31]. In order to compute
the cross sections, we have used the NNPDF23lo1 par-
ton distributions [32] with the factorization and renor-
malization scales kept fixed at the central m2T scale after
kT -clustering of the event. Initial and final state radia-
tion, showering and hadronization were simulated with
PYTHIA 6.4 [33]. The reconstruction of physics objects
(jets, leptons, ET etc.) was done in accordance with the
prescription of the ATLAS monojet +  ET analysis [26].
We have used FastJet [34] and the anti–kT jet clustering
algorithm [35] with a radius parameter of 0.4 for jet re-
construction . While only jets with pT > 20 GeV and
|η| < 2.8 are retained, electron (muon) candidates are
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2required to have pT > 20 (10) GeV and |η| < 2.47 (2.5).
The discarding any putative jet lying within a distance
∆R =
√
∆η2 + ∆φ2 < 0.2 (0.4) of an electron (muon)
candidate resolves overlaps. Moreover, for events with
0.2 < ∆Rej < 0.4, the electron is removed as it is likely to
have emanated from a semileptonic b-hadron decay. The
missing transverse momentum is reconstructed using all
energy deposits in the calorimeter (including unassoci-
ated calorimeter clusters) up to pseudorapidity |η| < 4.9.
Only events with zero leptons, ET > 250 GeV and atleast
one jet (satisfying the aforementioned preselection crite-
ria) are selected for further analysis.
A monojet-like final state topology demands a leading
jet with pT > 250 GeV and |η| < 2.4. On the other hand,
a maximum of four jets with pT > 30 GeV and |η| < 2.8
are allowed. Additionally, to reduce the multijet back-
ground contribution where a large ET can originate from
jet energy mismeasurement, each of the jets must satisfy
a azimuthal separation criterion of ∆φ(jet, ~ ET ) > 0.4.
Subsequently, different signal regions (IM1–SR10) are de-
fined, in accordance with the ATLAS monojet-like selec-
tion criteria [26], with progressively increasing thresholds
for  ET . These are summarized in Table I.
SR ET (GeV) σ95obs (fb) σ95exp (fb)
36.1 fb−1 100 fb−1 300 fb−1
IM1 > 250 531 160+80−43 80
+41
−31
IM2 > 300 330 94+48−37 47
+24
−18
IM3 > 350 188 52+26−21 26
+13
−10
IM4 > 400 93 28+13−11 14
+7
−5
IM5 > 500 43 10+5−4 5.1
+2.4
−1.9
IM6 > 600 19 4.8+2.2−1.8 2.5
+1.1
−0.9
IM7 > 700 7.7 2.9+1.3−1.0 1.5
+0.6
−0.5
IM8 > 800 4.9 1.8+0.8−0.6 0.9
+0.4
−0.3
IM9 > 900 2.2 1.2+0.5−0.4 0.6
+0.3
−0.2
IM10 > 1000 1.6 0.8+0.3−0.3 0.4
+0.2
−0.1
TABLE I. The different monojet-like signal regions as defined
by the ATLAS collaboration [25, 26], and their corresponding
95% CL upper limits (for 36.1 fb−1 data) on the cross section
(σ95obs) due to all BSM effects. Assuming that the agreement
between the data and SM would persist, σ95exp represent the
expected 95% CL upper limits for integrated luminosities of
100 and 300 fb−1.
For each of these signal regions, ATLAS collaboration
[25, 26] have measured the cross sections with 36.1fb−1
data of 13TeV LHC and provided 95% CL upper limits
(σ95obs, also shown in Table I) on the contributions from
generic NP scenarios. In the present context, these could
be translated to ellipsoids in the -space. Limiting our-
selves to a single pair of operators (we restrict ourselves
to q = u, d) at a time, the NSI contributions (denoted
by σBSM) corresponding to the signal region IM9 is illus-
trated in Fig.1.
The excellent agreement between the numbers of
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FIG. 1. NSI contributions (shown by color gradient) to the
ATLAS search regions for monojet+pT/ signature in SR-IM9
as a function of uL and dl (upper panel) and uR and dR
(lower panel).
events observed by the ATLAS detector and that ex-
pected within the SM can be used to impose limits on
the parameters qXαβ . As pointed out earlier, the final
state is independent of the neutrino flavours, and indeed
receives (incoherently adding) contributions from all pos-
sible flavour combinations. The ensuing constraint, can
be parametrized as∑
αβ
∑
X
[
a−2u
(
uXαβ − Xu
)2
+ a−2d
(
dXαβ − Xd
)2]
< 1, (2)
where the central values Xq are as in Table II. It should
be noted that, for off-diagonal couplings, Xq = identi-
cally. That au < ad for each case can be understood
as a consequence of the larger densities for the u-quark.
Similarly, the fact that au,d are independent of the chi-
rality is but reflective of the fact that, in the limit of
vanishing quark masses, terms proportional to 2 are in-
dependent of chirality. The terms linear in qXαβ are con-
sequences of interference with the SM amplitude, signs
being indicative of constructive or destructive nature.
The interferences are large for the left-chiral quarks be-
cause of their enhanced coupling with the Z-boson. In
fact, for the dL, the interference is as significant as 50%
(σqXint /σ
qX
BSM = 2
X
q (
qX
αβ − 2Xq )−1) for SR-IM1 in the re-
gion (dLαβ ∼ 0.02) sensitive to LHC run-II data. However,
demanding harder cuts on  ET reduce the interference
contribution significantly. Note that not much should
be read into the nonzero central values Xq as these are
3attributable to small statistical fluctuations in the data.
Observed Expected
SRs Lu 
R
u 
L
d 
R
d 36.1 fb
−1 100 fb−1 300 fb−1
au ad au ad au ad
IM1 −23 11 33 −6 564 823 3116944 45310065 2215047 3237268
IM2 −20 9 28 −5 488 716 2615957 3848784 1864239 2736157
IM3 −17 8 24 −5 416 616 2204949 3257273 1563432 2315148
IM4 −15 8 21 −4 334 499 1843840 2755759 1312925 1954238
IM5 −12 7 16 −3 294 451 1423732 2195749 1032121 1573332
IM6 −10 5 14 −3 253 397 1282626 2014141 921818 1452928
IM7 −8 4 12 −2 207 329 1282624 2024138 921717 1462626
IM8 −7 3 10 −2 209 340 1272623 2064138 901816 1462926
IM9 −6 3 9 −2 176 292 1302524 2154139 922117 1533428
IM10 −5 3 8 −2 187 313 1332328 2213846 942112 1573520
TABLE II. The values of the parameters (each scaled up by a
factor of 104) as in eq.(2). Also shown are the expected sizes
of the ellipses assuming that the agreement of the data with
the SM persists with higher luminosities.
We also show, in Table II how au,d would scale with
luminosity if the present level of agreement between the
data and the SM expectations were to continue. A
crucial component in making this comparison are the
systematic uncertainties in the background estimation.
Listed in Ref.[26], the dominant contributions to the un-
certainty in the mono-jet background estimation arise
from (i) the uncertainties in the absolute jet and missing
transverse energy scales, (ii) those related to jet quality
requirements, the description of the pileup, b-tagging,
lepton identification and reconstruction efficiency, (iii)
those in the modelling of parton-showers and choice of
PDFs, and finally (iv) the lack of higher-order parton
level calculations or the implementation thereof in the
MC event generators. With increasing amount of data,
and hence, a better understanding of the detector re-
sponses, the experimental uncertainties in the estimation
of the SM backgrounds are expected to be reduced sig-
nificantly. As an example, the systematic uncertainty in
the background estimation in Ref.[26] has reduced nearly
by a factor of 2 when compared to an earlier identical
analysis [36] performed with only 3.2 fb−1 of data. In
this even, the indicative projections of Table II assume
that the experimental systematic uncertainty would be
reduced by a factor of 2 (4) with accumulated luminosity
of 100(300) fb−1.
It is worthwhile to note that while strengthening the
requirement on  ET increases the sensitivity (a reflection
of the higher-dimensional nature of the terms), this flat-
tens out at  ET ∼> 600 GeV with the SRs IM6–10 being
almost equally efficient. And in the high- ET region, with
the semi-axes au,d being much larger than 
X
q , it is the
former that essentially determine the shape and size of
the constraint ellipsoids (or, ellipses, when projected to
-0.1
-0.05
 0
 0.05
 0.1
-0.1 -0.05  0  0.05  0.1
εuA
αβ
εuVαβ
Ref. [38] eτ
Ref. [38] eµ
Ref. [49] µµ
Ref. [49] µτ
Observed 36.1 fb-1
Expected 300 fb-1
-0.1
-0.05
 0
 0.05
 0.1
-0.1 -0.05  0  0.05  0.1
εdA
αβ
εdVαβ
Ref. [38] eτ
Ref. [38] eµ
Ref. [49] µµ
Ref. [49] µτ
Observed 36.1 fb-1
Expected 300 fb-1
FIG. 2. Allowed parts of qVαβ–
qA
αβ planes, with q = u(d) in
the upper(lower) panels. The bounds from neutrino experi-
ments are flavour specific and at 90% CL, while those from
the ATLAS (36 fb−1 at
√
s = 13 TeV) apply to all flavour
combinations, and at 95% CL.
a plane).
In Fig.2, we present a comparison of our bounds with
those emanating from other experiments. For neutrino
scattering (whether forward or otherwise) off nonrela-
tivistic nuclei, vector quark currents contribute more
than axial ones, and neutrino oscillation experiments are
only sensitive to V . Choosing to work in this basis,
90% CL bounds on fVeµ and 
fV
eτ result from a global
analysis [37, 38] of data from solar, atmospheric (Super-
Kamiokande [39]), long-baseline accelerator experiments
(MINOS [40, 41], T2K [42, 43] and reactor experiments
(KamLAND [44], CHOOZ [45], Palo Verde [46], Daya
Bay [47], Reno [48]). The bounds on fVµµ and 
fV
µτ corre-
sponds to the global analysis [49] of NuTeV [50] CHARM
[51], CDHS [52] and atmospheric neutrino oscillation
data. Note that oscillation experiments are sensitive only
to off-diagonal ’s and to differences between the diagonal
terms (for instance, ee − µµ and ττ − µµ). Recently,
coherent neutrino-nucleus scattering has been observed
for the first time by the coherent experiment [53], al-
lowing for the derivation of competitive constraints on
each of the diagonal parameters separately [38]. This is
particularly relevant for qVee and 
qV
ττ for which new 90%
CL bounds are: −0.045(0.037) < u(d)Vττ < 0.19(0.16) and
0.024(0.015) < 
u(d)V
ee < 0.30(0.27).
It is obvious that, for u-quark currents, the constraints
from the LHC results are significantly stronger than those
4from neutrino experiments, while those for the d-quark
currents are more than competitive. At this stage, let
us reexamine the NSI operators in totality. Since these,
presumably, owe their origin to physics beyond the SM,
the operators in eq.(1) ought to be written in terms of
SU(2)L ⊗ U(1)Y invariant terms. For a pair of lepton
doublets Lα,β , the triplet combination would introduce
terms of the form (ναγµPL`β) (dγ
µPLu) leading to extra
contributions to well-measured meson decays (or, the de-
cay of a τ to a meson). In the context of the LHC, on the
other hand, this would lead to lepton nonuniversality in
pp→ `+ ν (exclusive or inclusive). Both sets of observ-
ables would lead to constraints much stronger than those
discussed above. On the other hand, were we to consider
a singlet structure, namely,
LαγµLβ = ναγµνβ + `αγµ`β ,
clearly α 6= β would lead to pp→ `α+`β . Vetoing events
with substantial missing energy (thereby suppressing the
WW background) would lead to spectacular signals for
αβ being considered here. Even stronger bounds would
emanate from lepton flavour changing decays of neutral
mesons.
For α = β, the charged lepton bounds are, understand-
ably, weaker. However, even in this case, high-mass dilep-
ton (e± or µ±) production constrains 4-fermi operators to
a contact interaction scale of ∼> 25 TeV [54]. Translated
to our language, this would imply u,dee , 
u,d
µµ ∼< 5 × 10−5.
In principle, even stronger bounds can be obtained by
considering asymmetries [55]. It would seem, thus, that
u,dττ are the only Wilson coefficients (for first-generation
quarks) that would have remained significantly uncon-
strained by either low-energy observables or LHC observ-
ables such as dilepton production. However, our analysis
improves the situation dramatically, and far supersedes
the coherent bounds [38]. Note, furthermore, that we
have not included the CMS data yet, which too does not
show any excess in the monojet signal. However, with
the CMS typically imposing softer requirements on both
the leading jet and  ET , the reported exclusion [28] of
σBSM is weaker than that in Ref. [54]. Once CMS reanal-
yses their data, the ensuing constraints can be combined
with those reported here to yield significantly stronger
bounds.
The narrative would change were we to consider sup-
pressing operators involving the charged lepton by means
of postulating multiple SU(2)L ⊗ U(1)Y invariant op-
erators with carefully tuned WCs [56]. A different ap-
proach would be to postulate dimension-8 operators such
as
[
(φ∗Lα)γµ(φL)
]
(qγµq) where φ is the SM Higgs dou-
blet. In either case, charged-lepton 4-fermion operators
do not exist, and the low-energy constraints are rendered
very weak. Similarly, the simplest collider constraints are
not operative either, and while more exotic signatures
are suddenly possible, the corresponding cross sections
are too small to be of any interest with the currently ac-
cumulated luminosity. However, as we have conclusively
established in this article, even these scenarios (and any
variants thereof) are already severely constrained by a
simple final state such as a monojet with missing energy.
And with the luminosity that the LHC is slated to deliver,
continuing negative results would only strengthen the
constraint to well beyond what even a next-generation
neutrino experiment will be able to probe [14, 57–60].
This would indicate that the only role such facilities may
play in this regard would be the confirmatory one.
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